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Understanding rubber friction in the presence of water
using sum-frequency generation spectroscopy
Kumar Nanjundiah, Ping Yuan Hsu, and Ali Dhinojwalaa
Department of Polymer Science, The University of Akron, Akron, Ohio 44325-3909, USA
Received 8 August 2008; accepted 24 November 2008; published online 8 January 2009
Infrared-visible sum-frequency-generation spectroscopy SFG was used to study the molecular
structure of water between a polydimethylsiloxane PDMS and a sapphire substrate. The
observation of SFG peaks associated with the dangling surface hydroxyl groups 3690 cm−1 and
water bands 3000–3400 cm−1 indicates that the contact spot between the PDMS lens and the
sapphire substrate is heterogeneous. Within the contact spot there are regions where the methyl
groups of the PDMS chains are in direct contact with the surface hydroxyl groups on the sapphire
substrate. In the other regions, a thin water layer is trapped between the two surfaces with spectral
features that are different from that of the unconfined water next to the sapphire or the PDMS
surface. The higher adhesion and friction values observed in these experiments, compared to those
expected for a uniform thin layer of water trapped between the PDMS and the sapphire substrate,
are consistent with the hypothesis that the contact spot is heterogeneous. These results have
important implications in understanding the sliding behavior of wet, deformable hydrophobic
materials on hydrophilic substrates. © 2009 American Institute of Physics.
DOI: 10.1063/1.3049582
I. INTRODUCTION
Sliding two surfaces is considerably easy in the presence
of a thin layer of water.1–6 The Egyptians in 2400 B.C used
water to lubricate wooden sledges that transported large
stones used to build pyramids.7 Interestingly, nature has se-
lected water as a biological lubricant, which is far superior to
manmade oil-based lubricants.8 Roberts and Tabor1 con-
ducted systematic studies of an elastomeric rubber sliding on
solid surfaces in the presence of water and other lubricants.
Roberts and Tabor measured the time it took to drain the
water from a gap between the rubber and the solid surface.
They noticed that the effective viscosity to drain the liquid
increased dramatically when the gap was nanometer thin.
They concluded that it is likely that the increase in effective
viscosity was due to asperity contacts rather than actual
changes in the viscosity of the liquid. Since then the use of
surface force apparatus has revealed several interesting prop-
erties of water confined between two atomically smooth
mica surfaces.9 For example, oscillatory force profiles were
observed for water confined between two hydrophilic mica
surfaces, which indicated layering of water molecules.9 In
comparison, long-range attractive hydrophobic forces were
observed for water confined between two hydrophobic
surfaces.10 However, the experimental results between two
mica surfaces cannot directly explain the friction results for a
wet elastomeric rubber sliding on a solid surface. To relate
the friction results to the molecular structure of the confined
liquid between two surfaces is difficult due to the influence
of dissipation in the bulk, asperity contact, and the changes
in viscosity on the measurements of shear forces. The sliding
of wet soft materials is encountered in many areas of our
daily lives, which includes the use of wind shield wipers in
the rain, and driving or walking on wet roads. To understand
friction and adhesion, we need to develop experimental ap-
proaches to directly study the interfacial structure between
two surfaces.
The direct measurements of the structure of water con-
fined between two solid surfaces were not possible because
of the difficulty in positioning two large macroscopic sur-
faces at nanometer separations. In the design of the surface
force apparatus, this difficulty of using two macroscopic flat
surfaces was overcome by using a cross-cylinder geometry
with atomically smooth mica layers. However, the cross-
cylindrical geometry made it difficult to couple the force
measurements with spectroscopic techniques to study the
structure of confined liquids. Recently, some promising
developments have been reported using Raman,11
fluorescence,12,13 and refractive index measurements.14 Here,
we have used a flexible elastomeric lens hydrophobic poly-
dimethyl siloxane PDMS, which deforms against a flat
solid surface, to study confined liquids, which offsets the
need to have perfectly parallel surfaces. The soft PDMS lens
deforms and forms a large uniform contact area that is suit-
able for infrared IR-visible sum-frequency generation spec-
troscopy SFG. SFG is a second order nonlinear optical pro-
cess and is directly sensitive to the orientation and density of
molecules at the interface. According to the dipole approxi-
mation, the generation of SFG photons is forbidden in cen-
trosymmetric bulk and permitted only at interfaces where
inversion symmetry is broken.15 The surface selectivity of
SFG is important in probing the interfacial structure without
the measurements being swamped by the signals generated
in the bulk, which is a common problem encountered in us-aElectronic mail: ali4@uakron.edu.
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ing Raman and IR techniques. Additionally, the SFG conver-
sion is resonantly enhanced when the IR frequency overlaps
with the molecular-vibrational modes that are both Raman
and IR active. The position and the magnitude of these reso-
nance peaks provide chemical and orientation information on
the molecules at the buried interface.
In this paper, we have specifically addressed three main
questions. First, is there a layer of water left between these
two dissimilar surfaces PDMS and sapphire? Second, if
water is present, what is the structure of this confined water
film? Third, what are the consequences of these results on
understanding wet friction and adhesion?
II. EXPERIMENTAL
A. Sample preparation
The PDMS lenses were prepared by using Sylgard 184
monomer supplied by Dow Corning Inc. The recipe con-
sisted of one part cross-linker to ten parts monomer. The
monomer and the cross-linker were mixed together and the
air bubbles removed. The lenses were made by placing a
drop of this mixture on a fluorinated glass surface under
water. The lenses used in these experiments were 5 mm in
diameter. The lenses were cured under water at room tem-
perature for 24 h. The water was removed and the lenses
were dried using dry nitrogen. The lenses were further cured
in a vacuum oven for 4 h at 60 °C. The cured lenses had
some amount of uncross-linked PDMS oligomers that could
potentially leach out during the experiments.16,17 Therefore,
the lenses were soaked in toluene to remove these uncross-
linked chains. Toluene was replaced every 3 days for 2
weeks. The lenses were then removed from toluene and dried
under vacuum for 4 h before use. The root-mean-square
rms roughness determined by atomic force microscopy
AFM measurements Digital Instruments Nanoscope IIIa
multimode AFM with tip of radius of curvature of 10 nm
of the surface of the PDMS film was 4–5 Å.16,17 The
modulus of the PDMS lenses was 2–3 MPa. The static con-
tact angle of water was 110° on PDMS film. The
surface energy of the PDMS surface was determined using
Johnson Kendall and Roberts JKR measurements to be
20–23 mJ /m2.17
The sapphire prisms were first wiped with toluene using
a soft tissue and sonicated in toluene for 1 h. Subsequently,
the lenses were washed with copious amounts of water and
blow dried using dry nitrogen. Finally, the sapphire prisms
were plasma cleaned using air plasma for a period of 5 min
before the experiments. The SFG cell was washed in soap
solution and sonicated in toluene for a period of 2 h. The cell
was then washed with water and blow dried using dry nitro-
gen. The cell was heated in an air oven at 135 °C for 10 min
and plasma cleaned before the experiments. The rms rough-
ness of the sapphire prism was 10–15 nm measured using
AFM 2020 m2 scan area. Water wets the surface of the
sapphire prisms after plasma cleaning, consistent with the
hypothesis that sapphire is hydrophilic. Ultrapure water
18 M /cm was used from a Millipore filtration system
pH5–6. D2O was purchased from Cambridge Isotopes
D 99.9%. For the SFG measurements, the chamber contain-
ing the lens was filled with water and the sapphire prism was
pressed into contact with the PDMS lens, which resulted in
the drainage of the excess water between the lens and the
sapphire prism. The lens deformed under pressure the pres-
sure was estimated to be between 0.1 and 1 MPa based on
the flattened contact area creating a uniform contact area of
0.5–1 mm in diameter. No time dependent changes in spec-
tral features were observed in the experimental time scale of
8–10 h.
B. Friction and adhesion measurements
The friction and adhesion measurements were conducted
using a homebuilt instrument schematic of the friction cell
is shown in Fig. 1 based on the design of Barquins.18 The
instrument has two bridges perpendicular to each other, and
we have used homebuilt capacitance sensors to measure dis-
placement. The bridges were made of spring steel and the
spring constants were calibrated by hanging known weights
and recording the displacement. The perpendicular arrange-
ment of the bridges permitted independent measurements of
normal and shear forces. The PDMS lens was mounted, as
shown in Fig. 1, and the sliding was conducted using high
resolution picometer® motors. Water was introduced be-
tween the lens and the substrate by forming a capillary
bridge between the lens and the sapphire substrate. Coeffi-
cients of friction defined as shear force/normal force for
dry and wet PDMS lenses were measured using a velocity of
5 m /s. For the adhesion measurements, the forces were
recorded by moving the motors in and out of contact at con-
stant speeds. We have used the procedure described by Rob-
erts and Tabor1 to measure the thickness of the water film
between the lens and the sapphire substrate. The measure-
ment was based on the interference of light and the thickness
was determined by the changes in the intensity of the re-
flected light as the lenses were pressed into contact. Figure
2b shows the optical images of the contact area before con-
tact, upon contact, and after applying pressure. We measured
the thicknesses of 40 and 36 nm in the presence and absence
of water, respectively. Because of scattering from the PDMS
lenses, we estimated the gap thickness to be between 4 and
FIG. 1. Color Schematic of the friction cell developed in house to measure
friction coefficient.
024702-2 Nanjundiah, Hsu, and Dhinojwala J. Chem. Phys. 130, 024702 2009
Downloaded 09 Jan 2009 to 130.101.161.116. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
40 nm. On further compression, we observed only the con-
tact area increase without any further changes in the inten-
sity, which indicates no further changes in the thickness of
the water layer.
C. SFG measurements
The SFG measurements involve spatial and temporal
overlap of a high-intensity visible laser of frequency 1
with a tunable-IR laser of frequency, 2. The SFG mea-
surements were performed using a picosecond Spectra-
Physics laser system with a tunable IR beam
2000–3800 cm−1, 1 ps pulse width, 1 kHz repetition rate,
and a diameter of 100–200 m and a visible beam 800
nm, 1 ps pulse width, 1 kHz repetition rate, and a diameter of
1 mm.19 We have used sapphire prisms in these measure-
ments because in total internal reflection geometry the SFG
signals were a factor of 10–100 higher near critical angles.20
The 60° sapphire prism was cut with the optical axis parallel
to the polished sides and along the thickness direction to
avoid any distortion of the incoming and outgoing polarized
beams. All the results reported in this paper were conducted
at room temperature. The SFG experiments for the blank
sapphire prism were conducted with no humidity control. We
estimated that humidity could vary between 20% and 50%
during those experiments. The SFG signals were collected
using a photomultiplier tube connected to a 0.5 m length
spectrometer. The full width half maxima of the tunable IR
pulse was 10 cm−1. A typical SFG spectrum was collected
between 2200 and 3800 cm−1. It was possible for us to scan
such a broad range in wavenumber because our calculations
showed that the SFG intensity in internal reflection geometry
does not change by more than 6% due to the changes in the
critical angles at different wavenumbers. The SFG spectra
for the sapphire/air, sapphire/water, PDMS/sapphire inter-
faces were measured at 42°, 16°, and 8° incident angles of
the IR beam, respectively. The incident angle of the IR beam
was 1° –2° higher than the visible beam Fig. 2a. The
incident angles used for these three systems were near the
values determined using refractive indices of the materials
and Snell’s law.19–21
In this paper, the ssp polarization refers to s-polarized
SFG beam, s-polarized visible, and p-polarized IR beam. In
the case of ppp polarization, all the beams are set to be
p-polarized. Because the sps intensities are weak, we report
the results using only ssp and ppp polarizations. Table I sum-
marizes the various peak assignments for water and PDMS
bands reported in literature. To obtain quantitative informa-
tion the SFG spectra are fitted using the following Lorentzian
equation,20
ISFG  eff,NR + 
q
Aqeiq
IR − q − i	q
2, 1
where Aq, 	q, q, and q are the strength, damping constant,
angular frequency of a single resonant vibration, and phase,
respectively. eff,NR is the nonresonant part of the SFG sig-
nal. Because of broad overlapping vibration bands from 2900
to 3800 cm−1 for H2O and the PDMS, it is difficult to obtain
unique results from fitting the SFG data. The difficulty of
fitting SFG water spectra without the phase information was
discussed by Shen and Ostroverkhov.22 Here, we have used
the fitting results to only identify the peak positions. We did
not make any quantitative conclusions based on the ampli-
tude strengths from the fits.
III. RESULTS AND DISCUSSION
A. Friction and adhesion results
The values of the normal forces when the dry or wet
lenses are brought in contact with and retracted from the
FIG. 2. Color A schematic not to scale of the total internal reflection
setup used for the SFG measurements of confined water a. 
 is the incident
angle. The thickness of the confined water was measured using optical in-
terferometry b. Some illustrative examples of optical images before con-
tact, after contact and under pressure are shown in b. The Newton rings are
observed inside the contact region due to water being trapped in the center
of the contact spot. The water layer is squeezed out under pressure indicated
by the disappearance of the Newton rings. The SFG measurements were
taken when the lens was under pressure.
TABLE I. Relevant peak assignments for H2O, D2O and PDMS next to




Liquidlike water networka 3400b,c
Icelike water networka 3200 and 3000b
Dangling OH next to air 3700b,d
Dangling OH next
to hydrophobic surface 3690c
Liquidlike D2O networka 2510e
Icelike D2O networka 2375e
Dangling OD next to air 2740e
PDMS CH3 symmetric 2910f
PDMS CH3 asymmetric 2965f
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sapphire substrate are shown in Figs. 3a and 3b, respec-
tively. For the dry lens, the normal load increases after the
lens is pushed against the substrate, followed by a constant
load when the pressure is held constant. On retraction, for
both dry and wet lenses, we observe jump-outs indicating
adhesive contacts. The jump-out for the wet lenses consists
of two steps. The first jump-out is smaller than that observed
for the dry lens, indicating reduction in adhesion due to the
presence of water. The second jump-out is due to the break-
ing of the water capillary bridge formed between the lens and
the sapphire substrate. The friction coefficients for dry and
wet PDMS lenses sliding on the sapphire substrates are
shown in Fig. 3c. Initially, the shear forces increase due to
stiction and then the lenses start sliding nonuniformly due to
the stick-slip process.
Even though the friction coefficients for the wet PDMS
lens lower curve are lower than the dry PDMS lens, these
values are much higher than expected based on the bulk vis-
cosity of water, thickness of the film, and the velocity. We
estimated that the sliding of a flattened contact spot with a
velocity of 5 m /s in the presence of 4–40 nm thick
water layer of viscosity of 1 cP would require a shear stress
of only 1.2–0.12 Pa. The measured frictional stress
5–20 kPa is many orders of magnitude higher than our
estimate for lubricated sliding. To understand the origin of
these higher shear forces, we discuss next the SFG measure-
ments of the PDMS/sapphire contact interface in the pres-
ence of water.
B. SFG results
1. Sapphire in contact with air and bulk water
Figure 4a shows the SFG spectra for sapphire/air inter-
face in ssp and ppp polarizations. The SFG spectra show
peaks at 3200 and 3400 cm−1, which have been previously
assigned to icelike and liquidlike water, respectively.22,27 Ad-
ditionally, we observe a peak at 3700–3720 cm−1 which is
assigned to dangling OH groups28 or surface hydroxyl
groups on the sapphire surface.29–31 From these results, it can
be inferred that after the plasma treatment the last step used
in cleaning the prisms the sapphire substrate is rapidly cov-
ered with adsorbed water. The features observed in the SFG
spectra may resemble that of water/air, water/sapphire, or
sapphire/air interfaces. Similar conclusions were drawn from
the SFG measurements for the mica surface in the presence
of D2O vapor.24
Figure 4b shows the SFG spectra for sapphire substrate
in contact with bulk water. The SFG spectra show an addi-
tional peak at 3000 cm−1, previously assigned to icelike
structure of water. In a recent review article by Ostroverkhov
et al.,32 the authors have suggested that the OH groups of
water that are hydrogen bonded with surface OH groups of
silica are responsible for the 3000 cm−1 peak. In high pH
solutions, the surface OH groups are deprotonated to O− and
the 3000 cm−1 peak decreases in intensity. The peak at
3700 cm−1 is not observed in the SFG spectra of sapphire/
water interface, which suggest the absence of dangling OH
nonhydrogen bonded groups at the water/sapphire inter-
face.
Two papers published recently have raised several inter-
esting points regarding the interpretation of the SFG spectra
for water/sapphire interfaces. Here, we discuss the results
that are pertinent for this paper. Experiments by Zhang
et al.33 showed that for water next to 0001 plane of sap-
FIG. 3. Color Graphs showing loading and unloading forces as a function
of time for a PDMS lens against a sapphire surface dry contact a and in
the presence of water b. c shows the coefficient of friction for the PDMS
lens sliding on the sapphire substrate in the absence top curve and in the
presence bottom curve of external water at a velocity of 5 m /s.
FIG. 4. Color The SFG spectra for a sapphire/air interface a and a
sapphire/water interface b collected using ssp  and ppp + polariza-
tions. The solid lines are fit to a Lorentzian equation.
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phire, the dangling OH peak observed at 3700 cm−1 does not
disappear upon contact with water. The results of Zhang et
al. are very different from what we have observed for the
sapphire prism in contact with water and also previously
reported in literature.27 Zhang et al. suggested that the hy-
drogen atoms of the dangling OH of the sapphire surface are
strongly bonded and do not participate in hydrogen bonding
with adsorbed water molecules and are also not easily depro-
tonated. In comparison, the amorphous alumina particles in
contact with water does not have a peak at 3700 cm−1. Their
explanation is that the ability of the surface hydroxyl groups
on the sapphire to hydrogen bond with water depends on the
crystallinity of the sapphire surface. Recently, Braunschweig
et al.34 also observed a peak at 3700 cm−1 for 0001 plane
of sapphire in contact with water and they attribute this peak
to hydroxyl groups in the hydrophobic nanopores that do not
wet water and thus are not in contact with water. In Braun-
schweig et al. experiments, when the sapphire samples were
annealed at 1400 K, the 3700 cm−1 peak was absent in the
SFG spectra, which they attributed to the disappearance of
the nanopores. In comparison, we did not observe a
3700 cm−1 peak for water in contact with the sapphire
prism, which is an important point in the interpretation of the
wet PDMS/sapphire contact interface as discussed later.
Traditionally, the SFG spectra of water have been inter-
preted based on icelike and liquidlike structure at 3200 and
3400 cm−1, respectively. Recently Sovago et al.25 suggested
that both the 3200 and 3400 cm−1 peaks are due to the sym-
metric OH vibration. Because of the Fermi resonance with
the overtone of the bending mode, the symmetric OH band is
split into low and high frequency bands.25 Keeping both
these pictures in mind, we now discuss the results for PDMS
lenses in contact with sapphire in the presence of water.
2. SFG spectra of wet contact interface in the
presence of H2O and D2O
Figure 5 shows the SFG spectra for the PDMS/sapphire
interface in the presence of H2O using ssp and ppp polariza-
tions. We observed both water and PDMS peaks in Fig. 5,
which indicate the presence of water between the PDMS lens
and the sapphire substrate. The assignments for the symmet-
ric and asymmetric PDMS methyl peaks are 2905 and
2965 cm−1, respectively. In addition to the standard water
peaks between 3000 and 3600 cm−1, we also observed a
strong narrower peak at 3690 cm−1. This peak is slightly
red shifted and can be due to nonhydrogen bonded OH
groups in contact with hydrophobic methyl groups of PDMS
chains, which has also been observed for water in contact
with methyl groups of the self-assembled monolayers
octadecyltrichlorosilane.23
Besides the water bands between 3000 and 3700 cm−1,
there are also assignments for the surface hydroxyl groups of
aluminum oxide surfaces in this range.30,31 The peak assign-
ments depend on the charge of the Al group on the surface.
Therefore, the peak at 3690 cm−1 could also be assigned to
the surface hydroxyl groups of the aluminum oxide.29–31,33,34
To confirm that the peak at 3690 cm−1 in Fig. 5 is due to the
surface hydroxyl groups and not due to OH groups of water
in contact with PDMS, we also measured the SFG spectra of
the PDMS/sapphire interface in the presence of D2O.
Figure 6 shows the SFG spectra taken in ssp and ppp
polarization for D2O confined between the PDMS and the
sapphire substrate. The spectra show methyl PDMS peaks
and in addition, a strong peak at 3690 cm−1. The presence of
this peak in both H2O and D2O confirms that this peak is due
to the surface hydroxyl groups on the sapphire substrate.
Because the SFG spectra of sapphire in contact with water do
not have a peak at 3690 cm−1 Fig. 4, the surface hydroxyl
peak observed for confined H2O and D2O has to be due to
the surface hydroxyl in contact with the methyl groups of
PDMS chains. The assignment of the 3690 cm−1 peak to the
surface OH group in contact with methyl groups of PDMS
chains is further substantiated by the observation of a strong
peak at 3700 cm−1 in the SFG spectra at the contact inter-
face between a dry PDMS lens and the sapphire substrate
data not shown. One could perhaps argue that there is a
possibility of air trapped between the PDMS and sapphire
substrate and the 3700 cm−1 peak could be due to surface
hydroxyl groups in contact with air. There are two observa-
tions that do not support the argument that air is present
within the contact spot. First, the peak assignment for sap-
phire OH in contact with air29 is near 3710 cm−1 and not
3690 cm−1 as observed for confined H2O and D2O. Second,
the friction coefficients observed for the wet PDMS lens slid-
ing on the sapphire substrate are higher than expected for
lubricated sliding in the presence of air pockets. Additionally,
FIG. 5. Color The SFG spectra of water confined between the PDMS lens
and the sapphire substrate collected using ssp  and ppp + polarizations.
The solid lines are fit to a Lorentzian equation.
FIG. 6. Color The SFG spectra collected using ssp  and ppp +
polarizations between 2700 and 3800 cm−1 for D2O confined between the
PDMS lens and the sapphire substrate. The solid lines are fit to a Lorentzian
equation.
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we observe H2O peaks between 3200 and 3400 cm−1 due to
trace amount of H2O that may collect on the sapphire prim
upon exposure to ambient air.
With the assignment of the surface hydroxyl peak, we
can now interpret the SFG results for water confined between
the PDMS lens and the sapphire substrate Fig. 5. The peak
at 3690 cm−1 is assigned to the surface hydroxyl groups in
contact with the methyl groups of the PDMS surface chains.
The peaks between 3000 and 3600 cm−1 are due to water
between the PDMS lens and the sapphire substrate. Because
of the presence of water and the surface hydroxyl groups in
contact with the PDMS surface chains, the contact spot is
heterogeneous. In some regions, the liquid water is squeezed
out and as a result the PDMS methyl groups come in direct
contact with the sapphire surface hydroxyl groups. The same
conclusions can be reached for the D2O confined between
the PDMS and the sapphire substrate Fig. 6. Because the
size of the IR laser beam is of the order of 100 m, the SFG
signals are averaged over these heterogeneous patches inside
the contact spot.
To understand the structure of confined water, we com-
pare the SFG results for confined D2O between the PDMS
and the sapphire substrate, D2O in contact with the sapphire
and D2O in contact with the PDMS film Fig. 7. In the D2O
region, there is negligible interference from the PDMS peaks
and that makes it easier to compare the changes in the struc-
ture of water molecules upon confinement. Because the con-
tact region has potentially two interfaces, PDMS/water and
water/sapphire, the D2O experiments also eliminate the po-
tential interference due to these two interfaces. The peaks at
2375, 2510, and 2740 cm−1 are assigned to icelike network,
liquidlike network, and nonhydrogen bonded OD, respec-
tively. The icelike water peak is weaker in the SFG spectra
for confined D2O compared to the SFG spectra for D2O in
contact with the sapphire surface. Additionally, the dangling
OD peak for confined D2O is much weaker in comparison to
the D2O /PDMS interface. These results indicate that the
structure of confined D2O is more liquidlike upon confine-
ment.
We can also interpret the SFG spectra based on the
model suggested by Sovago et al.25 recently. They reported
that the primary symmetric OD resonance frequency is at
2510 cm−1. For D2O next to charged lipid surface, the peak
is split into two due to the overlap of the symmetric vibration
with the overtone of the bending mode. However, when the
pure OD is replaced with a 1:1 mixture of OD and OH, a
single peak corresponding to the primary OD resonance is
observed at 2510 cm−1.25 Here, the SFG spectra for the D2O
trapped between PDMS and sapphire substrate have a domi-
nant broad peak near 2510 cm−1. These results can be ex-
plained by two possible reasons. First, there is a deuterium
exchange between D2O and the trace amount of H2O on the
prism or the PDMS lens. The presence of trace amount of
water was inferred due to the presence of peaks between
3200 and 3400 cm−1 in the SFG spectra in Fig. 6. However,
this mechanism is unlikely because there is a large volume of
D2O added in these measurements compared to the trace
amount of H2O present in the gap. The second and more
probable hypothesis is that the there is an increase in liquid-
like structure of water in these thin films. Based on the
physical picture presented by Sovago et al.,25 this would
shift the D2O peak to higher wavenumbers and as a conse-
quence lead to decrease in the overlap of the symmetric vi-
bration with the overtone of the bending mode. This mecha-
nism can also explain the broad peak observed at
2510 cm−1.
Finally, we discuss the consequences of the SFG results
in understanding friction and adhesion data shown in Fig. 3.
FIG. 8. Color A model illustrating the contact region formed between the
PDMS lens and the sapphire surface in the presence of confined water. A
tentative physical model of the molecular structure in these two types of
contact regions is also shown in the panels on the right. The relative sizes of
these two regions cannot be quantified from the SFG measurements, and the
areas and sizes illustrated in the sketch are only for visual aid.
FIG. 7. Color The SFG spectra in the D2O region in three different con-
ditions. The SFG spectrum of D2O confined between the PDMS lens and the
sapphire substrate a. The SFG spectrum of D2O liquid next to the sapphire
substrate b. The SFG spectrum of D2O liquid next to the PDMS film spin
coated on the sapphire substrate c. The spectra were collected in ppp
polarization. The solid lines are fit to a Lorentzian equation.
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The sliding of the PDMS lens in the presence of water shows
lower friction than dry sliding. However, these friction coef-
ficients for wet sliding are quite high compared to lubricated
sliding. The patchy contact spot with regions where the
PDMS methyl groups are in direct contact with the sapphire
surface hydroxyl groups explains the higher friction coeffi-
cients than those expected for a contact spot with a uniform
layer of water. Roberts and Tabor1 also observed higher fric-
tion for a rubber lens sliding on a glass surface in the pres-
ence of water. They concluded that the higher friction was
due to asperity contact rather than higher viscosity of con-
fined water. The SFG results agree with the hypothesis of the
PDMS sliding on wet sapphire surface with patchy adhesive
contact. The asperity contacts are where the PDMS methyl
groups come in direct contact with the surface hydroxyls on
the sapphire substrate, which is also consistent with the
jump-out observed in the adhesion experiments. However,
these asperity contacts are not similar to those between two
hard surfaces. The soft PDMS lens can deform under pres-
sure and follow the surface topography.
IV. SUMMARY
We have summarized our main conclusions using a
model showed in Fig. 8. The observation of a 3700 cm−1
peak in H2O Fig. 5 and D2O Fig. 6 proves that this peak
is due to surface hydroxyl groups. Additionally, Fig. 4b
provides the evidence that the 3700 cm−1 peak cannot be
assigned to surface hydroxyl groups in contact with water.
Therefore, the only plausible explanation is that the surface
hydroxyl groups are in contact with the methyl groups of the
PDMS chains. Furthermore, the presence of water bands be-
tween 3000 and 3400 cm−1 in Fig. 5 and surface hydroxyl
groups in contact with PDMS support our hypothesis that the
contact is heterogeneous, as shown in Fig. 8. The structure of
PDMS sketched in Fig. 8 is also consistent with the SFG
results for PDMS/water interface that show methyl groups
facing the water molecules. The small number of O–H
groups sketched facing the PDMS chains is also consistent
with the observation of the free hydroxyl peak in Fig. 7c
near 2750 cm−1. The SFG results are in good agreement
with the higher friction coefficient and jump-out during ad-
hesion measurements.
ACKNOWLEDGMENTS
We acknowledge funding from the National Science
Foundation DMR-0512156 and DMR-0526797. We also
thank Liehui Ge for the help with the friction and adhesion
measurements.
1 A. D. Roberts and D. Tabor, Proc. R. Soc. London, Ser. A 325, 323
1971.
2 A. Dhinojwala and S. Granick, J. Am. Chem. Soc. 119, 241 1997.
3 Y. Zhu and S. Granick, Phys. Rev. Lett. 87, 096104/1 2001.
4 U. Raviv and J. Klein, Science 297, 1540 2002.
5 U. Raviv, P. Laurat, and J. Klein, Nature London 413, 51 2001.
6 X. Zhang, Y. Zhu, and S. Granick, Science 295, 663 2002.
7 D. Dowson, History of Tribology, 2nd ed. Professional Engineering,
London, 1998.
8 M. Urbakh, J. Klafter, D. Gourdon, and J. Israelachvili, Nature London
430, 525 2004.
9 J. N. Israelachvili, Intermolecular and Surface Forces, 2nd ed. Aca-
demic, San Diego, 1991.
10 J. Israelachvili and R. Pashley, Nature London 300, 341 1982.
11 S. C. Bae, J. S. Wong, M. Kim, S. Jiang, L. Hong, and S. Granick, Philos
Trans. R. Soc. London A366, 1443 2008.
12 M. Akbulut, N. Chen, N. Maeda, J. Israelachvili, T. Grunewald, and C. A.
Helm, J. Phys. Chem. B 109, 12509 2005.
13 A. Mukhopadhyay, S. C. Bae, J. Zhao, and S. Granick, Phys. Rev. Lett.
93, 236105 2004.
14 M. Heuberger, M. Zäch, and N. D. Spencer, Science 292, 905 2001.
15 Y. R. Shen, Nature London 337, 519 1989.
16 B. Yurdumakan, G. P. Harp, M. Tsige, and A. Dhinojwala, Langmuir 21,
10316 2005.
17 B. Yurdumakan, K. Nanjundiah, and A. Dhinojwala, J. Phys. Chem. C
111, 960 2007.
18 M. Barquins, Mater. Sci. Eng. 73, 45 1985.
19 G. P. Harp, H. Rangwalla, M. S. Yeganeh, and A. Dhinojwala, J. Am.
Chem. Soc. 125, 11283 2003.
20 K. S. Gautam, A. D. Schwab, A. Dhinojwala, D. Zhang, S. M. Dougal,
and M. S. Yeganeh, Phys. Rev. Lett. 85, 3854 2000.
21 H. Rangwalla, A. D. Schwab, B. Yurdumakan, D. G. Yablon, M. S.
Yeganeh, and A. Dhinojwala, Langmuir 20, 8625 2004.
22 Y. R. Shen and V. Ostroverkhov, Chem. Rev. Washington, D.C. 106,
1140 2006.
23 Q. Du, E. Freysz, and Y. R. Shen, Phys. Rev. Lett. 72, 238 1994.
24 P. B. Miranda, L. Xu, Y. R. Shen, and M. Salmeron, Phys. Rev. Lett. 81,
5876 1998.
25 M. Sovago, R. K. Campen, G. W. H. Wurpel, M. Muller, H. J. Bakker,
and M. Bonn, Phys. Rev. Lett. 100, 173901 2008.
26 Q. Du, E. Freysz, and Y. R. Shen, Science 264, 826 1994.
27 M. S. Yeganeh, S. M. Dougal, and H. S. Pink, Phys. Rev. Lett. 83, 1179
1999.
28 Q. Du, R. Superfine, E. Freysz, and Y. R. Shen, Phys. Rev. Lett. 70, 2313
1993.
29 D. Liu, G. Ma, M. Xu, and H. C. Allen, Environ. Sci. Technol. 39, 206
2005.
30 S. Le Caër, D. J. Palmer, M. Lima, J. P. Renault, G. Vigneron, R. Righini,
and S. Pommeret, J. Am. Chem. Soc. 129, 11720 2007.
31 K. C. Hass, W. F. Schneider, A. Curioni, and W. Andreoni, Science 282,
265 1998.
32 V. Ostroverkhov, G. A. Waychunas, and Y. R. Shen, Chem. Phys. Lett.
386, 144 2004.
33 L. Zhang, C. Tian, G. A. Waychunas, and Y. R. Shen, J. Am. Chem. Soc.
130, 7686 2008.
34 B. Braunschweig, S. Eissner, and W. Daum, J. Phys. Chem. C 112, 1751
2008.
024702-7 Rubber friction in the presence of water J. Chem. Phys. 130, 024702 2009
Downloaded 09 Jan 2009 to 130.101.161.116. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
